Introduction {#S1}
============

Packaging of DNA into chromatin regulates access to the genetic material, transcription, recombination and DNA repair. The fundamental repeating unit of the chromatin is the nucleosome[@R1],[@R2]. The nucleosome core particle (NCP) is composed of two copies each of histones H2A, H2B, H3 and H4 around which is wrapped \~150bp of DNA[@R3]. DNA is stably packed on the histone surfaces by electrostatic interaction and hydrogen bonds between the DNA and the histone octamer[@R3].

Nucleosome structures are diverse due to histone variants, histone modifications and variations in their composition[@R4]. Recent studies show that nucleosomes are also highly dynamic and can adopt alternative conformations that are distinct from the canonical crystal structure. DNA wrapped around the histone octamer can transiently unwrap leading to DNA breathing, tightening, loosening, sliding and gaping[@R5]--[@R8]. It has been shown that under physiological conditions nucleosomal DNA unwraps and rewraps on a millisecond time scale[@R5]. This spontaneous unwrapping of nucleosomal DNA ends makes chromatin more accessible to DNA binding factors[@R5],[@R9],[@R10].

Nucleosomes can also exhibit asymmetry with respect to histone content. The absence of one H2A--H2B dimer leads to the formation of the hexasome. The existence of open nucleosome particles and hexasomes was observed by ChIP-exo and MNase-seq experiments *in vivo*[@R11]. H2A--H2B dimer dissociation has also been observed during transcription, replication and remodeling[@R12],[@R13]. It has been shown that the passage of the RNA Polymerase II through the nucleosome opens the nucleosome and generates the hexasome, which allows the nucleosome to remain partially assembled during transcription[@R14],[@R15]. A collision of two nucleosomes during chromatin remodeling can also lead to nucleosome opening and hexasome formation[@R16],[@R17]. *In vitro*, increased salt concentration facilitates nucleosome opening, showing that DNA breathing and hexasome formation is an intrinsic property of the nucleosome[@R18],[@R19]. This might be facilitated by the activity of extrinsic protein factors such as transcription machinery, histone chaperones, ATP-dependent remodeling complexes and histone binding proteins[@R1],[@R2].

Although the structure of the intact nucleosome has been studied by crystallography, little is known about structures of the partially unwrapped, transient intermediates observed during transcription, DNA replication, and repair. Recent studies show that DNA unwraps from the stiffer side in an asymmetric way[@R20],[@R21]. If the DNA flexibility were similar on two sides, DNA would stochastically unwrap from either side[@R21], suggesting that the opening of one end helps to stabilize the other end. How the asymmetric unwrapping is achieved and what conformational changes occur in the nucleosome during DNA breathing is poorly understood. In this study, we used cryo EM to structurally characterize different states of nucleosome breathing and present 9 structures of distinct conformations of nucleosome and subnucleosome particles.

Results {#S2}
=======

Cryo EM structures of nucleosome breathing {#S3}
------------------------------------------

We collected cryo EM data of nucleosome core particles (NCPs) assembled on a 601 DNA[@R22] sequence that uniquely positions DNA on the histone octamer[@R23] ([Supplementary Fig. 1a](#SD2){ref-type="supplementary-material"}). In dataset A, consisting of \~700 000 particles, NCPs can be clearly recognized in different orientations: as a disk, tilted views, and side views ([Supplementary Fig. 1b](#SD2){ref-type="supplementary-material"}, [Table 1](#T1){ref-type="table"}). In the 2D class averages, high-resolution details such as the DNA dyad, major and minor DNA grooves and histone α-helices can be seen ([Supplementary Fig. 1c](#SD2){ref-type="supplementary-material"}). We analyzed the data and solved the structure of NCP to 4.8 Å using all particles. Further classification of nucleosome core particles revealed several distinct classes of NCPs. The first class (Class 1) was reconstructed to 3.7 Å and has the appearance of a canonical nucleosome[@R24]--[@R26] ([Fig. 1a](#F1){ref-type="fig"} and [Supplementary Fig. 1d-g](#SD2){ref-type="supplementary-material"}). Notably, we observed that \~10% of the particles occupied different states of DNA unwrapping ([Fig. 1a](#F1){ref-type="fig"}). This is consistent with equilibrium measurements of the unwrapped state under physiological conditions[@R5],[@R20],[@R27]. These particles were classified into 3 distinct cryo EM maps and reconstructed to 5.4 Å (Class 2), 5.1 Å (Class 3) and 6.3 Å (Class 4) ([Fig. 1a](#F1){ref-type="fig"} and [Supplementary Fig. 2a-c](#SD2){ref-type="supplementary-material"}).

We refined the X-ray model of the nucleosome assembled on 601 DNA[@R28] and observed several changes in the structure of the nucleosome ([Fig. 1b](#F1){ref-type="fig"} and [Supplementary Fig. 3a-c](#SD2){ref-type="supplementary-material"}). While the Class 1 cryo EM map and the X-ray structure are highly similar, in the Class 2 cryo EM map we observe an asymmetrical DNA bulge at one entry-exit site[@R20],[@R21] ([Fig. 1a](#F1){ref-type="fig"} and [Supplementary Fig. 2a](#SD2){ref-type="supplementary-material"}). The DNA in the Class 2 structure is partially detached on one side of the nucleosome from the uH3 αN (uH3 for unwrapped side), that coordinates the last 13 base pairs (bp) of the DNA[@R29]. In this structure the entry-exit site DNA remains attached to the histone octamer by the weaker contacts with uH3 tail and the uH3 αN that slightly tilts towards the bulged DNA ([Fig. 1a-c](#F1){ref-type="fig"} and [Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}). The Class 2 structure shows that the H3 tail holds DNA when it detaches from the H3 αN, which is consistent with the data showing that nucleosomes missing the H3 tail are less stable[@R30]. The DNA bulging we observe in the Class 2 structure resembles the DNA bulging observed in the cryo EM map of Snf2 bound to the nucleosome[@R31], indicating that this conformation is an inherent property of the nucleosome that is stabilized by the Snf2 chromatin remodeler.

In the Class 3 structure we observe further unwrapping of the DNA, which detached from the uH3 tail and uH3 αN ([Fig. 1a-c](#F1){ref-type="fig"} and [Supplementary Fig. 3](#SD2){ref-type="supplementary-material"}). In this class \~15 bp of DNA are unwrapped from the histone octamer and the last contact with the DNA is formed by the H2A--H2B dimer ([Fig. 1c](#F1){ref-type="fig"}). We also observe that the C-terminal region of uH2A, that binds entry-exit site DNA, is less defined on the side with unwrapped DNA in the Class 3 structure ([Fig. 1b-c](#F1){ref-type="fig"}). This indicates that DNA is required to stabilize the H2A C-terminal region in the nucleosome.

DNA breathing induces conformational changes in the histone octamer {#S4}
-------------------------------------------------------------------

In the Class 4 structure, similar to Class 3, \~15bp of DNA are unwrapped and the H2A C-terminal region is delocalized. The unwrapped DNA is more flexible and visible only at low contour levels in this structure. The comparison of the Class 4 model with the Class 1-3 models also revealed global changes in the nucleosome structure. The nucleosome expands in the direction perpendicular to the symmetry axis with the distance between the superhelices[@R2],[@R3],[@R29] SHL 2 and SHL -2 expanding from \~104 Å in Class 1-3 to \~106 Å in Class 4 ([Supplementary Fig. 3d](#SD2){ref-type="supplementary-material"}). Concomitantly, the nucleosome contracts along the symmetry axis in the Class 4 structure ([Supplementary Fig. 3d](#SD2){ref-type="supplementary-material"}).

In Class 2 and 3, beside changes near the unwrapped DNA, the overall structure of the histone octamer remains similar to the canonical nucleosome structure ([Fig. 1c](#F1){ref-type="fig"} and [Supplementary Fig. 1g, 3d](#SD2){ref-type="supplementary-material"}). In Class 4, however, we observe major rearrangements of the histone octamer ([Fig. 2a](#F2){ref-type="fig"} and [Supplementary Fig. 4a, b](#SD2){ref-type="supplementary-material"}). We calculated the root-mean-square deviation (RMSD) of the Class 1 and the Class 4 models to depict regions that exhibit the largest movements between these two maps. As expected, the RMSD data show that the histone octamer goes through major rearrangements near the unwrapped DNA. The uH3 αN, uH2A α2 and α3 and uH2B α1 and α2 that directly interact with the unwrapping DNA show large movements ([Fig. 2a](#F2){ref-type="fig"}). Overall, the most pronounced changes in the histone octamer are found near the unwrapped DNA, the dyad, but also near the second DNA entry-exit site. The smallest changes in the histone octamer are found on the nucleosome half with the wrapped DNA where the second wH2A--H2B and wH4 show only minor movements ([Fig. 2a](#F2){ref-type="fig"} and [Supplementary Fig. 4b](#SD2){ref-type="supplementary-material"}).

Rearrangement of H3--H4 {#S5}
-----------------------

In Class 4 we observe that uH3 αN helix is shorter and moves toward the unwrapping DNA ([Fig. 2b](#F2){ref-type="fig"}). A shorter uH3 αN and the unwrapped DNA resemble the crystal structure of the CENP-A nucleosome[@R32], indicating that the canonical nucleosome can adopt the same conformation and this conformation correlates with DNA unwrapping. In addition to a rearrangement of uH3 αN that directly interacts with the unwrapping DNA, we observe that uH3 α1 goes through a major rearrangement in the Class 4 structure ([Fig. 2b](#F2){ref-type="fig"}). Our structures indicate that rearrangement of the uH3 αN, due to DNA unwrapping, leads to movement of the connecting uH3 α1 and α2 which bind the DNA at SHL -2 ([Fig. 2a, b](#F2){ref-type="fig"}). This also pushes the DNA at SHL -2 outward ([Fig. 2a, b](#F2){ref-type="fig"}). The uH3 α2 interacts at the dyad with the second wH3 α2, and a tilt of uH3 α2 leads to the inward tilt of wH3 α2 ([Supplementary Fig. 4c](#SD2){ref-type="supplementary-material"}). This pulls the DNA at the dyad toward the nucleosome center and results in the nucleosome contraction. Rearrangement of wH3 α2 leads to the movement of wH3 α1 on the wrapped half of the nucleosome which also pushes the DNA outward at SHL 2 ([Fig. 2c](#F2){ref-type="fig"}). This also leads to the movement of the wH3 αN and the entry-exit site DNA on the wrapped half of the nucleosome towards the dyad, which might stabilize the interaction on that end ([Fig. 2c](#F2){ref-type="fig"}). We also observe smaller rearrangement of uH4 α1 and α2 that bind the DNA at SHL -1 on the unwrapped half of the nucleosome ([Supplementary Fig. 4d](#SD2){ref-type="supplementary-material"}). Our data show that unwrapping of nucleosomal DNA rearranges uH3 αN and this alteration transmits to the opposite half of the nucleosome where wH3 αN and the entry-exit site DNA move closer together. One result of this change might a stabilization of the wH3 αN interaction with the DNA on the wrapped half of the nucleosome to prevent symmetrical DNA opening ([Supplementary Fig. 4e](#SD2){ref-type="supplementary-material"}).

Rearrangement of H2A--H2B {#S6}
-------------------------

In the Class 2 structure the DNA at entry-exit site is bulged but still retained on the histone octamer by the H3 tail. In the Class 3 structure, the interaction between the H3 tail and the DNA is lost and the last contact between the histone octamer and the DNA is formed by the H2A--H2B ([Fig. 3](#F3){ref-type="fig"}). The loop H2B L1, which connects the H2B helices α1 and α2, and the loop H2A L2, which connects H2A α2 and α3, make the last contact with the DNA at SHL 5.5 in the Class 3 structure ([Fig. 3a, b](#F3){ref-type="fig"}). We observed that in the Class 3 structure DNA at SHL 5.5 moved outward which results in a weaker contact between the DNA and uH2A L2 and uH2B L1 ([Fig. 3a, b](#F3){ref-type="fig"}). Weaker interaction with the DNA is also formed by the uH2B α1 at SHL 4.5 ([Fig. 3a](#F3){ref-type="fig"}). Contacts of uH2A α1, uH2A L1 and uH2B L2 with the DNA at SHL 4.5 and SHL 3.5 remain stable in this structure ([Fig. 3a](#F3){ref-type="fig"}). Our data show that in the Class 3 cryo EM map, DNA unwrapping reduces the interaction with the uH2A--H2B. In this class, uH2A--H2B remains in the same conformation as in the Class 1 structure ([Fig. 3b](#F3){ref-type="fig"}).

In the Class 4 structure we observe rearrangement of the whole histone octamer which also strengthens interaction of uH2A--H2B with the DNA. The DNA at SHL 5.5 in the Class 4 structure is in a similar position as in the Class 3 structure. In the Class 4 structure, however, the uH2A α2 and α3 (H2A L2) and uH2B α1 and α2 (H2B L1) are tilted and moved towards the unwrapping DNA at SHL 5.5 ([Fig. 3c, d](#F3){ref-type="fig"}). The loops H2B L1 and H2A L2 make the last contact with the DNA in the Class 4 structure and the tilt of their α-helices strengthens the contact with the unwrapping DNA ([Fig. 3c](#F3){ref-type="fig"}). This interaction is visible at high contour levels and is comparable to other histone-DNA interactions in the Class 4 structure ([Fig. 3c](#F3){ref-type="fig"}). H2B α3 and αC and H2A α3 did not change their conformation ([Fig. 3d](#F3){ref-type="fig"}), which indicates that H2A--H2B goes through internal rearrangement as DNA unwraps. This internal rearrangement of H2A--H2B to accommodate to DNA unwrapping might prevent further DNA unwrapping and stabilize the nucleosome.

Plasticity of H2A--H2B is required for nucleosome stability {#S7}
-----------------------------------------------------------

The observed plasticity of H2A--H2B dimer might be crucial for nucleosome stability. To determine if adjustment of H2A--H2B to DNA movements is required for DNA binding and nucleosome stability, we assembled the nucleosome with the cross-linked dimers ([Supplementary Fig. 5a, b](#SD2){ref-type="supplementary-material"}). The cross-linked H2A--H2B is fully functional in its interaction with the H3--H4 tetramer and the complex can be purified on size exclusion chromatography ([Supplementary Fig. 5a, b](#SD2){ref-type="supplementary-material"}). When we assembled the nucleosome with the cross-linked H2A--H2B dimers, we obtained mainly hexasomes containing one cross-linked H2A--H2B and only a very low quantity of nucleosomes as visible on a native gel ([Fig. 4a](#F4){ref-type="fig"}). To enforce nucleosome formation we have added native and cross-linked H2A--H2B to the assembled hexasome ([Fig. 4b](#F4){ref-type="fig"}). The native H2A--H2B was efficiently incorporated into the hexasome forming the nucleosome containing one cross-linked and one native H2A--H2B. Cross-linked H2A--H2B, however, was not stably incorporated into the hexasome ([Fig. 4b](#F4){ref-type="fig"}), indicating that H2A--H2B plasticity is required for nucleosome stability.

To determine if plasticity of a globular domain of H2A--H2B is required for the nucleosome stability, we added native and cross-linked globular H2A--H2B dimers to the hexasome. While globular native H2A--H2B was assembled into the nucleosome, cross-linked globular H2A--H2B was not stably bound ([Fig. 4c](#F4){ref-type="fig"}). Consistent with our structures, these data show that plasticity of the globular domain of H2A--H2B is required for the stability of the nucleosome.

To test if histone chaperones might be able to incorporate cross-linked H2A--H2B, we used Nap1 in the nucleosome assembly reaction. When full length or globular H2A--H2B were cross-linked, the Nap1 chaperone also assembled the hexasome ([Fig. 4d](#F4){ref-type="fig"}). In agreement with our previous assays ([Fig. 4b](#F4){ref-type="fig"}), Nap1 was able to incorporate native, but not cross-linked H2A--H2B into the hexasome containing one cross-linked H2A--H2B ([Fig. 4d-e](#F4){ref-type="fig"} and [Supplementary Fig. 5c-e](#SD2){ref-type="supplementary-material"}). H2A--H2B cross-linking did not affect its interaction with Nap1 further supporting that cross-linked H2A--H2B is fully functional in its interactions ([Supplementary Fig. 5c, d](#SD2){ref-type="supplementary-material"}). These data show that chaperone mediated assembly of nucleosome also requires plasticity of the H2A--H2B globular domain.

Our data show that cross-linked H2A--H2B can be assembled into the hexasome, but it is not stably bound to the nucleosome. This indicates that incorporation and stability of the first and the second H2A--H2B in the nucleosome has different requirements. Incorporation of the first dimer into hexasome can tolerate dimer rigidity, however, the stability of the second dimer in the nucleosome requires some degree of plasticity of the H2A--H2B globular domain ([Fig. 4f](#F4){ref-type="fig"}).

H2A--H2B dissociation and hexamer formation {#S8}
-------------------------------------------

In the second dataset (B) we observed many atypical particles with DNA protruding from the nucleosome core particle in 2D class averages ([Supplementary Fig. 6a-e](#SD2){ref-type="supplementary-material"}, [Table 2](#T2){ref-type="table"}). This indicated that the DNA partially detached from the histone octamer. We classified these images and obtained multiple structures of distinct nucleosome intermediates and subnucleosome particles with differently organized DNA ([Fig. 5a-e](#F5){ref-type="fig"} and [Supplementary Fig. 7](#SD2){ref-type="supplementary-material"}). In these structures the DNA is more flexible and is not well resolved. The DNA flexibility also limits the quality of alignment and resolution of these intermediates. Importantly, the organization of the histone core is sufficiently well resolved to unambiguously dock crystal structures, and compare the maps. The overall resolution of these maps ranges from 8 to 11 Å ([Supplementary Fig. 7](#SD2){ref-type="supplementary-material"}) with histones being better resolved than DNA ([Supplementary Fig. 8](#SD2){ref-type="supplementary-material"}).

In Class 5, we observe further DNA unwrapping from the histone core ([Fig. 5a](#F5){ref-type="fig"}). The contact of DNA with the loops uH2A L2 and uH2B L1 is now lost. This leads to unwrapping of \~25 bp of DNA from the histone octamer and only \~120 bp are organized by the nucleosome ([Fig. 5a](#F5){ref-type="fig"} and [Supplementary Fig. 8a](#SD2){ref-type="supplementary-material"}). In this class, the last contact with the DNA is made by uH2B α1, with the DNA protruding from the histone octamer after the contact ([Fig. 5a](#F5){ref-type="fig"}). The uH2A--H2B dimer shows higher flexibility on the side with unwrapped DNA ([Supplementary Fig. 8a](#SD2){ref-type="supplementary-material"}). In the next structure (Class 6) contact between DNA and uH2B α1 is lost and an additional \~5 bp of DNA unwrap from the histone octamer ([Fig. 5b](#F5){ref-type="fig"} and [Supplementary Fig. 8b](#SD2){ref-type="supplementary-material"}). This leads to further destabilization of uH2A--H2B that is now less defined compared to other histones ([Supplementary Fig. 8b](#SD2){ref-type="supplementary-material"}).

In the next step of DNA unwrapping (Class 7), the DNA contact with H2A α1 is lost and \~35 bp of DNA are not organized by the histone octamer ([Fig. 5c](#F5){ref-type="fig"} and [Supplementary Fig. 8c](#SD2){ref-type="supplementary-material"}). In Class 7, uH2A--H2B interacts with the DNA only with the uH2A L1 and uH2B L2 loops, which is not sufficient to stably maintain uH2A--H2B in the nucleosome ([Fig. 5c](#F5){ref-type="fig"}). In this structure we observed only a partial and weak density for the uH2A--H2B dimer indicating high flexibility ([Fig. 5c](#F5){ref-type="fig"} and [Supplementary Fig. 8c](#SD2){ref-type="supplementary-material"}). This is consistent with the finding that H2A--H2B shows an increased distance from the dyad before its dissociation[@R19]. Our data show that DNA is required to stabilize H2A--H2B in the nucleosome.

In classes 8 and 9, the density for the H2A--H2B dimer is very weak or missing indicating H2A--H2B dissociation and formation of the hexasome ([Fig. 5d, e](#F5){ref-type="fig"}). The remaining histones in the hexasome are globally organized similar to the canonical nucleosome structure, consistent with SAX data and a recent crystal structure[@R17],[@R33]. In the absence of one H2A--H2B histone dimer the DNA further unwraps leaving only \~110 nucleotides organized by the histone hexamer ([Fig. 5d, e](#F5){ref-type="fig"} and [Supplementary Fig. 8d-e](#SD2){ref-type="supplementary-material"}). In the hexasome structures, the H4 loop L2 that connects H4 helices α2 and α3 makes the last contact with the DNA at SHL 2.5. We found two alternative conformations of the hexasome. In Class 8, the unbound DNA continues its path in a tangential direction after the last contact with the histone H4 loop L2 ([Fig. 5d](#F5){ref-type="fig"} and [Supplementary Fig. 8d](#SD2){ref-type="supplementary-material"}). In Class 9, the DNA moved and protrudes from both sides of the hexasome ([Fig. 5e](#F5){ref-type="fig"} and [Supplementary Fig. 8e](#SD2){ref-type="supplementary-material"}). In this class \~15 bp of DNA protrude from the hexasome after the last contact with the H4 loop L2. Approximately 25 bp of DNA protrude from the entry-exit site on the opposite side of the hexasome ([Fig. 5e](#F5){ref-type="fig"}). These data show that reduced contacts of histones with the DNA in the hexasome lead to increased DNA sliding, which is consistent with biochemical observations[@R34]. This property of the hexasome might be used by external factors to gain access to DNA or to move the nucleosome and may play an important role in transcription, replication, and chromatin remodeling.

Discussion {#S9}
==========

Studies of the intrinsic properties and dynamics of the nucleosome are critical for understanding how various nuclear machineries gain access to DNA *in vivo*. In this work, we captured multiple steps of DNA unwrapping from the histone octamer by cryo EM, consistent with nucleosome states observed by single molecule experiments[@R5],[@R9],[@R19],[@R20],[@R35]. We found that DNA unwrapping induces conformational changes in the histone octamer that are necessary to stabilize the nucleosome.

Previous studies have reported that DNA unwraps from the nucleosome in an asymmetrical way[@R20],[@R21]. If the DNA flexibility were similar on both sides, DNA would unwrap stochastically from either side[@R21]. These studies suggest that the opening of one end helps to stabilize the other end. In our structures we observe rearrangements of histones not only near the site of DNA unwrapping, but in the entire histone octamer. Specifically we observe that DNA unwrapping rearranges H3 on the unwrapped half of the nucleosome and this propagates to the second H3 and to the entry-exit DNA on the other end. H3 αN and the DNA on the wrapped half of the nucleosome move closer and toward the dyad which might stabilize the DNA on that side. Our structures reveal changes in the histone octamer that can explain why nucleosomes open asymmetrically, even on symmetrical DNA.

Our structural and biochemical data reveal that plasticity of H2A--H2B is required for nucleosome stability. We observe that several α-helices of H2A--H2B tilt toward the unwrapping DNA to maintain the interaction. Additionally, cross-linked H2A--H2B that cannot accommodate to DNA unwrapping is not stably maintained in the nucleosome. This indicates that the observed internal plasticity of H2A--H2B is essential for nucleosome stability. Our data suggest that H2A--H2B plasticity prevents further DNA unwrapping and promotes DNA re-wrapping. This is consistent with single molecule data showing that \~10% of nucleosomes have entry-exit site DNA unwrapped under physiological conditions and that DNA unwraps and re-wraps on a millisecond time scale[@R9],[@R20].

We observe that DNA unwrapping and H2A--H2B release occur together and that DNA is required to stabilize the H2A--H2B dimer in the nucleosome. These data suggest that if an extrinsic factor prevents DNA re-wrapping, this will destabilize H2A--H2B and facilitate further DNA unwrapping and nucleosome opening beyond the first 15 bp. In agreement, binding of an extrinsic protein to nucleosomes drives the conformational equilibrium toward the unwrapped DNA state[@R9]. Moreover, RNA polymerase II has been shown to use intrinsic nucleosomal fluctuations to transcribe around the nucleosome, rather than actively separating DNA from histones[@R10]. Our structures provide a mechanistic explanation of intrinsic nucleosomal dynamics that are utilized by RNA polymerase II and other DNA-based enzymes.

Methods {#S10}
=======

Nucleosome reconstitution {#S11}
-------------------------

*Xenopus laevis* histones were co-expressed and co-purified as soluble H2A--H2B histone dimers and (H3--H4)2 histone tetramers, as described[@R23],[@R36],[@R37]. The globular H2A and H2B were expressed as inclusion bodies and purified under denaturing conditions as described[@R38]. The refolded histone pair was further purified using ion exchange and size exclusion chromatography. Cross-linked H2A--H2B, after quenching the cross-linking reaction, were desalted on the PD10 desalting column (15 mM HEPES-NaOH pH 7.5, 2 mM NaCl, 1 mM DTT) and concentrated. The purified histone pairs were used to assemble histone octamer in 25 mM HEPES-NaOH pH 7.5, 2 mM NaCl, 1 mM DTT. To obtain the histone octamer, a 2.8-fold excess of wild type or cross-linked H2A--H2B histone dimer was mixed with H3--H4 histone tetramer and subsequently purified by size exclusion chromatography equilibrated in 15 mM HEPES-NaOH pH 7.5, 2 mM NaCl, 1 mM DTT ([Supplementary Fig. 5a-b](#SD2){ref-type="supplementary-material"}). DNA for nucleosome reconstitution was PCR amplified from a plasmid containing the 601 DNA sequence. The PCR product was purified by phenol-chloroform extraction. After ethanol precipitation, the DNA was re-suspended in 25 mM HEPES-NaOH pH 7.5, 2 M NaCl, 1 mM DTT.

After size exclusion chromatography, the histone octamer peak fractions were mixed with DNA and placed into a dialysis button made from the lid of an Eppendorf tube. The nucleosome reconstitution was done by \'double bag\' dialysis[@R23],[@R37]. The dialysis buttons, containing 0.25ml of the histone octamer:DNA mixture, were placed inside a dialysis bag, filled with \~50 ml of size exclusion buffer. The dialysis bag was immersed into a 1l of buffer containing 15 mM HEPES-NaOH pH 7.5, 1M NaCl, 1 mM DTT and dialysed over-night at +4 °C. The next day the dialysis bag was immersed into a 1l low salt buffer. The dialysis into low salt buffer was done for 5-6 hours. Finally, in the last step only the dialysis buttons were dialysed for 1-2 hours in the low salt buffer. NCP for dataset 1 were dialysed to final concentration of 50 mM NaCl, 15 mM HEPES-NaOH pH 7.5, 1mM DTT. For the dataset 2, the NCPs were dialysed to 250 mM NaCl, 15 mM HEPES-NaOH pH 7.5, 1mM DTT. The samples were concentrated to 2 mg/ml for cryoEM grids preparation. The reconstitution results were analysed on 6% native PAGE.

Nap1:H2A--H2B complex formation {#S12}
-------------------------------

1.5 μg of each histone dimer (wild-type and cross-linked sample) were mixed with 4 μg Nap1 chaperone in 30 mM HEPES pH 7.5, 200 mM NaCl and 1 mM DTT to a final volume of 20 μl. The samples were incubated for 60 min at room temperature. Upon the addition of the glycerol, to a final concetration of 4% v/v, the samples were loaded on 6% native polyacrylamide gel. The gel was run in 1x TBE at 120V for 120 min in the cold room at 4ºC.

H2A--H2B histone dimer cross-linking {#S13}
------------------------------------

H2A--H2B histone dimer was diluted to 0.5 mg/ml with 30 mM HEPES pH 7.5, 2 M NaCl and 1 mM DTT. The glutaraldehyde was added to a final concentration of 0.005% (v/v) and the sample was incubated for 5 min at the room temperature. The cross-linking was quenched with 50mM Tris/HCl pH 7.5 (final concentration). For the globular H2A--H2B dimer, the glutaraldehyde concentration was increased to 0.01%.

Nucleosome formation using hexasome and H2A--H2B dimer {#S14}
------------------------------------------------------

The hexasome was obtained during the nucleosome assembly with the cross-linked H2A--H2B. 2.3 pmol hexasome were incubated with increasing amounts of the wild-type and cross-linked H2A--H2B histone dimer (3.5, 7 and 14 pmol of histone dimer). We used full-length and globular H2A--H2B dimer. The reaction was incubated at 30 °C for 1 hour in 15 mM HEPES-NaOH pH 7.5, 100mM NaCl, 1mM DTT and analysed on 6% native PAGE.

Nucleosome reconstitution using Nap1 chaperone {#S15}
----------------------------------------------

H3-H4 histone tetramer was mixed with an access of crosslinked H2A-H2B dimer and purified by size exclusion chromatography. 15 pmol of histone protein core were mixed with 80 pmol Nap1 chaperone in the buffer with the final composition 10 mM HEPES pH 7.5, 50mM KCl, 5mM MgCl2, 0.5mM EGTA, 0.1 mM EDTA, 0.1mg/ml BSA, 5% glycerol. The mixture was supplemented with an additional wild-type or cross-linked H2A--H2B dimer (7, 14 and 28 pmol). DNA, dissolved in water, was added at the end. A 20 μl reaction was incubated at 30 °C for 4 hours and 10 μl was loaded on 6% native PAGE.

CryoEM grid preparation and data collection {#S16}
-------------------------------------------

Quantifoil R2/1 and R1.2/1.3 holey carbon grids were used. A Leica EM GP automatic plunge freezer was used for the sample vitrification. Temperature in the chamber was kept at +15 °C and the humidity at 95%. 3μl of NCP sample were applied to freshly glow-discharged grid. After a 3 s blotting time, grids were plunge-frozen in the liquid ethane. For the dataset A, electron micrographs were recorded on a FEI Titan Halo (FEI) at 300 kV with a Falcon 2 direct electron detector (FEI) (\~2000 micrographs) (MPI of Biochemistry, Martinsried, Germany) and FEI Titan Krios at 300 kV with a Gatan Summit K2 electron detector (\~750 micrographs) (Necen, Leiden, Netherlands). For the data collected on the Titan Halo the nominal magnification was 75 000 x resulting in an image pixel size of 1.4 Å per pixel on the object scale. Data were collected in a defocus range of 10 000 Å -- 40 000 Å with a total exposure of 100 e/Å^2^. 40 frames were collected and aligned with the Unblur software package using a dose filter[@R39]. For the data collected on Titan Krios image pixel size was 1.36 Å per pixel on the object scale. Data were collected in a defocus range of 10 000 Å -- 40 000 Å with a total exposure of 80 e/Å^2^. 60 frames were collected and aligned with the Unblur software package using a dose filter. For the second dataset B we collected \~1000 micrographs on FEI Titan Halo as described above.

Several thousand particles were manually picked and carefully cleaned in XMIPP[@R40] to remove inconsistent particles. The resulting useful particles were then used for semi-automatic and automatic particle picking in XMIPP. The contrast transfer function parameters were determined using CTFFIND4[@R41]. The 2D class averages were generated with Relion software package[@R42]. Inconsistent class averages were removed from further data analysis. The 3D refinements and classifications were subsequently done in Relion. All final refinements were done in Relion using the auto refine option. The initial reference was filtered to 60 Å in Relion. C1 symmetry was applied during refinements for all classes with exception of Class 1 which was refined with C2 symmetry. NCP particles collected on Titan Halo (Falcon 2) refined to 3.9 Å, while NCP particles collected on Titan Krios (K2) refined to 3.7 Å. Class 1 structure contains only data collected on Titan Krios, since merging 2 datasets resulted in a reconstruction with slightly lower resolution due to necessary interpolation. Classes 2-4 contain data collected on Titan Krios and Titan Halo. Lower particle number in these classes was a limiting factor and mixing two datasets resulted in improved structures. Particles were split into 2 datasets and refined independently and the resolution was determined using the 0.143 cut-off (Relion auto refine option). Local resolution was determined with Relion 2.0. All maps were filtered to local resolution using Relion 2.0 with a B-factor determined by Relion.

FSCwork and FSCfree show no over-fitting during the refinement ([Supplementary Fig. 1e and 2b](#SD2){ref-type="supplementary-material"}). To generate FSCwork and FSCfree, atoms from the models built with the combined maps were randomly displaced to 0.5 Å, and then subjected to refinement against one ('work') of two half maps obtained from independent half data sets. An FSC curve (FSCwork) was calculated between the refined model and the half map used for refinement. As cross-validation, a second FSC curve (FSCfree) was calculated between the refined model and the other half map ('free') not used in refinement.

Molecular models were built using Coot[@R43] and refined in Phenix[@R44]. The Chimera software package was used for rigid body fitting of models[@R45]. Molecular models for classes 1-4 were superimposed in Chimera using matchmaker option. To determine the accuracy of the model and uncertainty in the refinement of the model, independent models for two half data sets were analyzed. To show uncertainty, model variation was calculated in Chimera as RMSD of Cα backbone between two models (half1 and half2 model) ([Supplementary Fig. 9a](#SD2){ref-type="supplementary-material"}). These data show that for Class 1 uncertainty is less than 0.2 Å for most of the model. For Class 4 uncertainty is as expected higher, but lower than 1.0 Å for most regions. Additionally, to depict changes we have superimposed the Class 4 cryo EM map with the Class 1 model and Class 1 map ([Supplementary Fig. 9b](#SD2){ref-type="supplementary-material"}). We have also calculated the difference map between Class 4 and Class 1 map (filtered to 6 Å) ([Supplementary Fig. 9b](#SD2){ref-type="supplementary-material"}). These data show clear differences between Class 1 and Class 4 maps at H2A--H2B near SHL 5 and in H3.

For Classes 5-9, PDB 3LZ1 was docked using the Chimera software package[@R45]. NCP DNA that was not visible in the structure was removed and replaced by a straight DNA helix in Chimera. Visualization of all cryo-EM maps was done with Chimera.

Data availability {#S17}
-----------------

EM densities have been deposited in the Electron Microscopy Data Bank under accession codes EMD-3947 (Class 1), EMD-3948 (Class 2), EMD-3949 (Class 3), EMD-3950 (Class 4), EMD-3931 (Class 5), EMD-3930 (Class 6), EMD-3929 (Class 7), EMD-3926 (Class 8), EMD-3925 (Class 9). The coordinates of EM-based models have been deposited in the Protein Data Bank under accession codes PDB 6ESF (Class 1), 6ESG (Class 2), 6ESH (Class 3), 6ESI (Class 4). All other data are available from the corresponding author upon reasonable request.. A Life Sciences Reporting Summary for this article is available.
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![Cryo-EM reconstructions of NCP with unwrapped DNA.\
**a,** Cryo-EM maps of the canonical NCP (Class 1) and NCPs with unwrapped DNA (Class 2-4). \~10 % of particles have unwrapped DNA at one entry-exit site. The Class 1 map (blue) was reconstructed to 3.7 Å (0.143 cutoff in FSC curve); the Class 2 map (purple) was reconstructed to 5.4 Å; the Class 3 map (pink) was reconstructed to 5.1 Å; the Class 4 map (red) was reconstructed to 6.3 Å. All maps are shown at similar contour levels.\
**b,** Fitting of the Class 2 (purple) and the Class 3 (pink) models into cryo EM maps. The X-ray structure of the NCP (PDB:3LZ1) was refined into the Class 2 and Class 3 cryo EM maps. In the Class 2 map the H3 tail binds the DNA and retains it at the histone octamer. In the Class 3 map, DNA is detached from the H3 tail. H2A C-terminal region is delocalized in the Class 3 structure.\
**c,** Comparison of the Class 1 model of NCP (blue) with Class 2 (purple) and Class 3 (pink) models. In the Class 2 structure DNA bulges but remains attached to the octamer. In the Class 3 structure entry-exit site DNA detaches from the octamer. This leads to delocalization of H2A C-terminal tail which binds the entry-exit site DNA. Other histones are in the canonical conformation.](emss-75370-f001){#F1}

![Histone octamer rearranges when DNA unwraps.\
**a,** RMSD (Cα) between the models for the Class 1 and the Class 4 structures showing the extent of rearrangements in the NCP. The DNA at SHL +- 2 and SHL +- 6-7 shows the largets movements between the Class 4 and canonical nucleosome structures. H3 αN, H3 α1 and α2, uH2A α2 and uH2B α1 show the largest rearrangements in the histone octamer.\
**b,** Conformational rearrangement of H3 in the half of the nucleosome with the unwrapped DNA. uH3 αN, uH3 α1 and uH3 α2 move in the Class 4 structure when compared to the Class 1 structure. DNA at SHL -2 moves outward.\
**c,** Conformational rearrangement of H3 in the half of the nucleosome with the wrapped DNA. wH3 αN and wH3 α1 move in the Class 4 structure when compared to the Class 1 structure. DNA at SHL 2 moves outward. wH3 αN and DNA at SHL -7 (second entry-exit site) move inward.](emss-75370-f002){#F2}

![H2A--H2B dimer rearranges and binds unwrapping DNA.\
**a,** Fitting of the Class 3 model into the cryo EM map. In the Class 3 cryo EM map H2B α1 (SHL 4.5), H2B L1 (H2B α1 and α2) and H2A L2 (H2A α2 and α3) (SHL 5.5) form weaker contacts with the DNA that are only visible at low contour level. H2A α1 at SHL 4.5 and H2A--H2B contacts at SHL 3.5 are similar to the contacts on the side with wrapped DNA.\
**b,** Comparison of the Class 1 model (blue) with the model for the Class 3 (pink) cryo EM map. In the Class 3 structure, H2A--H2B is in the conformation observed in the crystal structure. DNA at SHL 5 moves outward when compared to the Class 1 model.\
**c,** Fitting of the Class 4 model into the cryo EM map. In the Class 4 cryo EM map H2B α1 (SHL 4.5), H2B L1 (H2B α1 and α2) and H2A L2 (H2A α2 and α3) (SHL 5.5) form strong contacts with the DNA that are comparable to other contacts between histones and DNA.\
**d,** Comparison of the Class 1 model (blue) with the model for the Class 4 (red) cryo EM maps. In the Class 4 structure, H2B α1 and α2 and H2A α2 and α3 tilt toward the unwrapping DNA to stabilize the interaction.](emss-75370-f003){#F3}

![Cross-linked H2A--H2B is not stably bound to the nucleosome.\
**a,** Native gel showing nucleosome assembly with native and cross-linked H2A--H2B. When nucleosome were assembled with cross-linked H2A--H2B, primarily hexasomes were obtained.\
**b,** Native and cross-linked H2A--H2B were added to the assembled hexasomes **(a)** containing one cross-linked H2A--H2B. Native H2A--H2B is incorporated into hexasome forming the nucleosome. Cross-linked H2A--H2B is not stably incorporated into the hexasome.\
**c,** Native gel showing nucleosome assembly with native and cross-linked globular H2A--H2B. Native and cross-linked globular H2A--H2B were added to the previously assembled hexasomes containing one cross-linked H2A--H2B. Native full length and globular H2A--H2B are incorporated into hexasome forming the nucleosome. Cross-linked globular H2A--H2B is not stably incorporated into the hexasome.\
**d,** Native gel showing Nap1-mediated nucleosome assembly with native and cross-linked H2A--H2B. When we used cross-linked H2A--H2B, Nap1 also primarily assembled hexasomes (input). Native and cross-linked H2A--H2B were added to the assembled hexasomes. Nap1 incorporated native H2A--H2B into hexasomes forming nucleosomes. Nap1 was unable to incorporate cross-linked H2A--H2B into the hexasomes.\
**e,** Native gel showing Nap1-mediated nucleosome assembly with native and cross-linked globular H2A--H2B. Native and cross-linked globular H2A--H2B were added to the assembled hexasomes. Nap1 incorporated native globular H2A--H2B into hexasomes forming nucleosomes. Nap1 was unable to stably incorporate cross-linked globular H2A--H2B into the hexasomes.\
**f,** Unwrapping of DNA at SHL 5.5 induces conformational changes in H2A--H2B. Rearrangement of H2A α2 and α3 and H2B α1 maintains the interaction with the DNA and stabilizes the nucleosome.\
Representative images of at least 3 independent experiments are shown. Uncropped gel images are shown in [Supplementary Data Set 1](#SD1){ref-type="supplementary-material"}.](emss-75370-f004){#F4}

![Cryo-EM reconstructions of distinct NCP and hexasome conformations.\
**a,** Cryo-EM map of NCP (Class 5) with docked model (left). \~25 bp of DNA is not organized by the nucleosome in Class 5. A close view of the H2A--H2B dimer and the last contact with the DNA is shown on the right.\
**b,** Cryo-EM map of NCP (Class 6) with docked model (left). \~30 bp of DNA is not organized by the nucleosome in Class 6. A close view of the H2A--H2B dimer and the last contact with the DNA is shown on the right.\
**c,** Cryo-EM map of NCP (Class 7) with docked model (left). \~35 bp of DNA is not organized by the nucleosome in Class 7. A close view of the H2A--H2B dimer and last contact with the DNA is shown on the right. Only partial density could be observed for the H2A--H2B dimer, colored orange.\
**d,** Cryo-EM map of the hexasome (Class 8) with docked model (left). \~40 bp of DNA is not organized by the nucleosome in Class 8. A close view of the last contact with the DNA is shown on the right. No density for H2A--H2B dimer, colored red, could be observed in the map.\
**e,** Cryo-EM map of the hexasome (Class 9) with docked model (left). \~15 + \~25 bp of DNA is not organized by the nucleosome in Class 9. A close view of the last contact with the DNA is shown on the right. No density for the H2A--H2B dimer, colored red, could be observed in the map.](emss-75370-f005){#F5}

###### Cryo-EM data collection, refinement, and validation statistics

  ---------------------------------------------------------------------------------------------------------------------------------------------------------
                                       Class 1\       Class 2\                          Class 3\                          Class 4\
                                       EMD-3947\      EMD-3948\                         EMD-3949\                         EMD-3950\
                                       PDB ID 6ESF    PDB ID 6ESG                       PDB ID 6ESH                       PDB ID 6ESI
  ------------------------------------ -------------- --------------------------------- --------------------------------- ---------------------------------
  **Data collection and processing**                                                                                      

                                                                                                                          

  Magnification                        105 000        75 000 / 105 000                  75 000 / 105 000                  75 000 / 105 000

                                                                                                                          

  Voltage (kV)                         300            300                               300                               300

                                                                                                                          

  Electron exposure (e--/Å^2^)         80             100 / 80                          100 / 80                          100 / 80

                                                                                                                          

  Defocus range (μm)                   -1.0 -- -4.0   -1.0 -- -4.0                      -1.0 -- -4.0                      -1.0 -- -4.0

                                                                                                                          

  Pixel size (Å)                       1.36           1.4 /1.36 (interpolated to 1.4)   1.4 /1.36 (interpolated to 1.4)   1.4 /1.36 (interpolated to 1.4)

                                                                                                                          

  Symmetry imposed                     C2             C1                                C1                                C1

                                                                                                                          

  Initial particle images (no.)        \~ 100 000     \~ 700 000                        \~ 700 000                        \~ 700 000

                                                                                                                          

  Final particle images (no.)          55 000         14 000                            22 000                            28 000

                                                                                                                          

  Map resolution (Å)                   3.7            5.1                               5.4                               6.3

      FSC threshold                                                                                                       

  Map resolution range (Å)             3.5-4.0        5.0 -- 6.0                        5.0 -- 6.5                        6.0 -- 7.5

                                                                                                                          

                                                                                                                          

                                                                                                                          

  **Refinement**                                                                                                          

                                                                                                                          

  Initial model used                   3LZ1           3LZ1                              3LZ1                              3LZ1

                                                                                                                          

  Model resolution (Å)                 3.7            5.1                               5.4                               6.3

      FSC threshold                                                                                                       

                                                                                                                          

  Model resolution range (Å)           228-3.7        235-5.1                           235-5.4                           235-6.3

                                                                                                                          

  Map sharpening *B* factor (Å^2^)     -150           -150                              -200                              -100

                                                                                                                          

  Model composition                                                                                                       

      Nonhydrogen atoms                12091          11515                             11474                             11173

      Protein residues                 762            725                               738                               719

      Ligand                                                                                                              

                                                                                                                          

  *B* factors (Å^2^)                                                                                                      

      Protein                          74.74          227.3                             256.47                            388.20

      Ligand                                                                                                              

                                                                                                                          

  R.m.s. deviations                                                                                                       

      Bond lengths (Å)                 0.008          0.007                             0.007                             0.008

      Bond angles (°)                  0.961          0.957                             1.091                             1.084

                                                                                                                          

  Validation                                                                                                              

      MolProbity score                 1.62           1.92                              1.71                              2.11

      Clashscore                       5.52           10.87                             7.34                              15.86

      Poor rotamers (%)                0.94           0.50                              0.65                              0.83

                                                                                                                          

  Ramachandran plot                                                                                                       

      Favored (%)                      95.58          96.05                             96.13                             93.99

      Allowed (%)                      4.42           3.95                              3.87                              5.87

      Disallowed (%)                   0.00           0.00                              0.00                              0.14
  ---------------------------------------------------------------------------------------------------------------------------------------------------------

###### Cryo-EM data collection, refinement, and validation statistics

  ---------------------------------------------------------------------------------------------------------------
                                       Class 5\       Class 6\       Class 7\       Class 8\       Class 9\
                                       (EMD-3931)     (EMD-3930)     (EMD-3929)     (EMD-3926)     (EMD-3925)
  ------------------------------------ -------------- -------------- -------------- -------------- --------------
  **Data collection and processing**                                                               

                                                                                                   

  Magnification                        75 000         75 000         75 000         75 000         75 000

                                                                                                   

  Voltage (kV)                         300            300            300            300            300

                                                                                                   

  Electron exposure (e--/Å^2^)         100            100            100            100            100

                                                                                                   

  Defocus range (μm)                   -1.0 -- -4.0   -1.0 -- -4.0   -1.0 -- -4.0   -1.0 -- -4.0   -1.0 -- -4.0

                                                                                                   

  Pixel size (Å)                       1.4            1.4            1.4            1.4            1.4

                                                                                                   

  Symmetry imposed                     C1             C1             C1             C1             C1

                                                                                                   

  Initial particle images (no.)        \~100 000      \~100 000      \~100 000      \~100 000      \~100 000

                                                                                                   

  Final particle images (no.)          25 000         14 000         14 000         16 000         9 000

                                                                                                   

  Map resolution (Å)                   8.0            10.5           10.5           10.5           8.5

      FSC threshold                                                                                

                                                                                                   

  Map resolution range (Å)             8.0 - 15       9.0 - 15       9.0 - 15       10.0 - 15      9.0 - 15
  ---------------------------------------------------------------------------------------------------------------
